Pure carbon monoxide is generated from a mixture of formic acid and sulfuric acid with the application of heat, is washed in a trap containing potassium hydroxide solution to remove traces of free acid, and stored in bottles over a mixture of equal parts of glycerine and saturated solution of sodium chloride, a mixture chosen by Harington and Van Slyke (9) for its low vapor tension and low gas solubility. Samples of the stock of gas are analyzed in the Harington- In clinical tests the gas is measured from a specially constructed buret, fitted with a three-way capillary stopcock (cock A in fig. 1 ) at the top, and provided with a water jacket, thermometer, and levelling bulb filled with glycerol-salt mixture, adapted for delivering any quantity of gas up to about 27 cc. with an error of measurement of probably less than 0.05 cc.
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The breathing apparatus consists of a face-mask, a soda-lime jar, and a rubber balloon, connected by rubber tubing. The face-mask is made of a half-ovoid of transparent celluloid fitted with a rubber pneumatic cushion about the rim and a tight-fitting one-hole rubber stopper piercing the apex of the dome. The mask is connected to the soda-lime jar by a piece of rubber tubing of 17 mm. bore. The sodalime jar is made from a pint mason jar and two test tubes, fixed in place with plaster of paris and sealed with sealing wax. To facilitate changing the soda-lime the jar has been broken along a circle about 2 cm. from the bottom, so that it may be taken apart, and sealed up with soap and adhesive tape, reinforced with two strong wide rubber bands cut from an inner tube. No. 4 mesh soda-lime is used, held in place by two circular pieces of fine wire gauze, one at the bottom and one at the top of the jar, and is changed after every one or two determinations. During tests on patients the soda-lime jar is immersed in a jacket containing ice water to lower the water vapor tension of the rebreathed air and diminish the discomfort of breathing warm air, and to control leakage. A piece of rubber tubing of 17 mm. bore connects the soda-lime jar with a large-bore glass Y-tube, to one shank of which is attached a football bladder, and to the other, suitable rubber and glass tubing leading to a one-way stop-cock (cock B). All connections are wired or sealed with sealing-wax.
In testing for leaks, the buret was connected to the breathing apparatus by a piece of small-bore rubber tubing joining cocks A and B, and the face-mask was -tied firmly against a greased porcelain plate so that the pneumatic cushion was in apposition throughout its circumference. A positive pressure of about 30 cm. of glycerol-salt solution was then exerted on the air in the gas buret, and with the levelling bulb clamped in this position the loss of gas pressure was noted. When the leakage amounted to a pressure change of less than 0.15 mm. of glycerol-salt per minute, the apparatus was considered suitable for use in clinical tests. During actual use, leakage through the division in the soda-lime jar is prevented by immersing it in water to a depth of about 10 cm.; since the balloon is never allowed to become sufficiently distended, during a test, to put the rubber on the stretch, it is not possible for the air contained in the breathing system to overcome the critical pressure exerted by this protective water-jacket.
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Of course, it has not been possible to make control tests of leakage around the edges of the mask when applied to a patient, but this source of error is minimized as far as possible by the liberal application of petrolatum to the pneumatic cushion, by the constant application of firm manual pressure to the mask, and by careful attention to this part of the apparatus throughout the breathing period. In preliminary tests with the mask, which are always made with each patient before carbon monoxide is let into the system, different positions of the mask are tried out until a good apposition is obtained, which can then be held until the end of the experiment.
Before a determination, the gas buret is filled to a convenient level with carbon monoxide and the levelling bulb is clamped in a position causing the contents of the buret to be at a pressure less than atmospheric; at least fifteen minutes are allowed for drainage of solution from the walls of the buret before the pressure is brought to atmospheric and the volume, temperature, and barometric pressure recorded. A small oxygen tank fitted with a water trap and pressure gauge is then connected to the gas buret by one arm of cock A. The other arm is connected to cock B. The contents of the balloon are expelled, and the tube connecting the face-mask and the soda-lime jar clamped off. With cock A turned so as to close the buret but allow communication between the oxygen tank and the breathing apparatus, oxygen is run into the balloon in an amount estimated to be about four or five times the tidal air of the patient. A sample of blood, usually 7 cc. to permit duplicate determinations, is now drawn from the patient under paraffin oil and delivered under oil into a bottle containing oxalate. Even in small infants a definite quantity of gas absorbable by Winkler's solution is usually detectable in these preliminary samples, and is probably either evidence of the known contamination of urban atmosphere with carbon monoxide derived from illuminating gas, automobile exhaust gas, and from other sources, or represents a systematic error of the method. The mask, with the pneumatic cushion well greased, is then applied to the patient's face, the clamp removed from the tube connecting the mask with the soda-lime jar, and the patient allowed to breathe into the apparatus for a short period during which the position of the mask is adjusted for the best approximation. With the levelling bulb of the gas buret raised to the (b) leakage from the system during the breathing period; and (c) determination of the residue of carbon monoxide remaining in the apparatus at the end of the breathing period.
As a matter of convenience precautions are taken to prepare fairly pure carbon monoxide gas by washing out the generator and the storage bottles several times before the final collection of gas for stock. The advantage of making the tests for purity in the HaringtonVan Slyke manometric apparatus is twofold: in the first place, satisfactory checks are readily obtained; and in the second place, the use of Winkler's solution for the final absorption of the gas, by an identical procedure to that used in blood analysis, offers a better basis for comparison of results than other methods such as combustion. As was stated previously, the results of duplicate determinations usually agree within 0.2 per cent. The measurement of the gas delivered into the breathing apparatus from the gas buret is held to be accurate to 0.05 cc., including herein the errors associated with barometer and thermometer readings, so that for a volume of 20 cc. at room temperature the error from this source amounts to less than 0.25 per cent.
A preliminary test was made to determine the rate of diffusion of carbon monoxide through rubber. Under a positive pressure of about 30 cm. of glycerol-salt solution, the pure gas passes through the wall 209 BLOOD VOLUME IN INFANTS of an ordinary piece of thin-walled rubber tubing at a rate of approximately 0.0003 cc. per square centimeter of surface per hour. At the low partial pressure of CO in the apparatus during a blood volume determination, this leakage does not introduce an appreciable error.
The control of leaks in the breathing apparatus has been dealt with to some extent previously. After every two or three determinations the entire apparatus is tested by immersion in water and exertion of positive pressure on the balloon. It is always possible by the use of sufficient force to cause bubbles to appear around the break in the The quantity of carbon monoxide absorbed by the patient is the difference between the amount injected into the breathing apparatus and the amount remaining in it at the end of the breathing period. Such residual amounts are small but detectable, and while in our determinations they have not been found to be sufficiently great to influence the final figure for total blood volume, as calculated without taking them into account, by more than 2.7 per cent, and therefore within the total error of the method, it is possible that one may be able at some time to show that in the presence of acidosis they will be large enough to be important, as suggested by the work of Stadie (11) on the absorption coefficient of blood for carbon monoxide under varying hydrogen-ion concentrations. Salvesen (6) (12) , except that it requires no special apparatus other than two or three Haldane gas sampling tubes. The volume of residual air is first determined by adding together the contents of the balloon, of the breathing apparatus (exclusive of the balloon) from cock B to the pneumatic cushion of the mask, and of the "dead space" of the 211 BLOOD VOLUME IN INFANTS patient included in the capacity of the respiratory system. The contents of the balloon are measured by drawing them into calibrated sampling tubes.. A figure for the capacity of the rest of the breathing apparatus may be obtained by filling it with water; and since this amount did not change significantly from one determination to another in spite of the fact that no particular effort was made to duplicate precisely the quantity of soda-lime used, the same figure, 490 cc., was used for all determinations after the first three. The dead space may be estimated roughly from considerations of the patient's age and size; and since the proportion which this part of the total residual air volume bears to the whole is always small, large errors here do not influence the final result. A 50-cc. portion of the residual air, conveniently stored in the sampling tubes, is delivered into the HaringtonVan Slyke pipet. Five cubic centimeters of alkaline pyrogallate solution are then run in and shaken up with the gas for five minutes, and a pressure reading taken with the meniscus at the 50-cc. mark. The reagent is then ejected through the lower chamber and a second 5-cc. portion admitted and similarly shaken to insure complete removal of oxygen, as shown by pressure readings. Several 5-cc. portions of glycerol-salt solution are now used successively to wash out the apparatus until practically no staining of the wash solution is obtained. The last washings are ejected through the lower outlet, and the gas in the pipet, now comprising mainly nitrogen and a small proportion of carbon monoxide, are subjected to a pressure slightly less than atmospheric. Two cubic centimeters of glycerol-salt solution are run into the cup, and through this an accurately-measured 3-cc. portion of human blood is delivered into the apparatus, about 1 cc. of the glycerol-salt solution serving to wash the last portion through the capillary, which is then sealed with mercury. This blood is drawn from an arm vein with stasis, to insure optimal conditions for carbon monoxide absorption, and is delivered under paraffin oil into a bottle containing oxalate. The mercury in the pipet is now set at the 50-cc. mark so that the blood can be agitated gently with the mechanical shaking device without troublesome foaming. At the end of ten minutes, which under these conditions are taken to be sufficient for nearly complete absorption of the carbon monoxide, 1 cc. of glycerol-salt solution is introduced into the cup and covered with 1 cc.
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of paraffin oil. The gas in the pipet is brought to a pressure greater than atmospheric and allowed to escape slowly through the upper cock.
With the expulsion of the last few bubbles of gas, a small amount of blood escapes through the capillary and mixes with the glycerol-salt solution but does not rise above the layer of oil; in this way its reintroduction into the pipet without loss is facilitated, and its dilution with this small quantity of glycerol-salt solution does not complicate the analysis. The paraffin oil is now removed and 13 cc. of ferricyanide reagent, from which the dissolved gases have already been removed, are delivered into the cup in two portions, 12 cc. being allowed to flow into the pipet, the last cubic centimeter being discarded after the capillary has been sealed. The blood sample is now analyzed for carbon monoxide content in the usual way, no special correction being in this case necessary to take into account the increase in the total quantity of fluid by the addition of 1 cc. or less of glycerol-salt solution during the procedure as described. In order to determine the quantity of carbon monoxide derived from the portion of residual air with which the blood has been shaken, it is necessary to make control deterninations on samples of the blood without exposure to residual air, after which the percentage of added carbon monoxide is found by subtraction. Chang and Harrop (7) found that in the case of adults at rest and breathing quietly, practically complete absorption of the carbon monoxide injected into the breathing apparatus had taken place after 15 minutes of rebreathing. It seemed probable that this interval might well be shorter in the case of infants crying vigorously, and the choice of a ten minute breathing period in our technique is based on a small number of control observations which bore out this supposition, and which are given in table 4 . This series has not been enlarged on account of the undesirability of removing additional blood; but the results in patient R. S., where this control was supplemented by analysis of the residual air for unabsorbed carbon monoxide, show that the ten minute period is, in all probability, adequate. This patient was suffering from tuberculous meningitis, and during the rebreathing period remained on the whole more quiet than the average patient. In order to compare the results of determinations of blood volume by the carbon monoxide method with those obtained with the dye method, simultaneous tests were performed on ten patients using both methods in the following way. A preliminary control experiment was made to determine whether the addition of brilliant vital red, the dye used, to human blood would interfere with subsequent absorption of carbon monoxide. Ten cubic centimeters of oxalated human blood were placed in each of two beakers of equal size, and to one sample was added 0.05 cc. of physiological salt solution, and to the other 0.05 cc. than the value given by the carbon monoxide method. If, as has been suggested by previous workers with both methods, the body weight is in any sense a criterion for the expected blood volume, it is clear from these figures that the carbon monoxide is in our hands the more reliable. Perhaps the obvious conclusion one might wish to draw is that our technique with the dye method is faulty, but we are not convinced that this is a complete explanation of the discrepancy.
Whipple and his associates (14) in a comparison of the dye, carbon monoxide, and the exsanguination methods for determining total blood volume in dogs, likewise found discrepancies of similar magnitude and direction. In all but one of fourteen dogs the value of total blood volume expressed in cubic centimeters per kilogram of body weight was higher with the dye method than when the carbon monoxide method was used, and the average of all the determinations 2.17 BLOOD VOLUME IN INFANTS for the dye method was 103.9 cc. per kilogram; for the carbon monoxide method, 86.9 cc. per kilogram. It is not within the scope of thig paper to discuss the theoretical aspects of the application of these different methods, and we do not at the moment contend that the carbon monoxide method as described here eludes all the theoretical pitfalls of clinical determination of the total blood volume; at the same time, it has in our hands exhibited a closer correlation between blood volume and body weight, as expressed in the coefficient of variation, than have determinations made by the dye method, and there is considerable experimental evidence in the literature that the true blood volume follows body weight in health fairly closely, provided suitable allowances are -made for conditions of obesity or severe undernutrition.
REVIEW OF PREVIOUS WORK IN BLOOD VOLUME OF INFANTS
In this discussion we shall not include the question of the blood volume of newly born infants, since our material does not cover this age group. The investigations of Lucas and Dearing (15) are unique in this field.
The authors just mentioned, in a series of 30 estimations made on 11 nearly normal infants varying in age from two weeks to a year, found an average quantity of 110 cc. of blood per kilogram of body weight, as determined by the dye method. Ihdividual patients, though their blood volume might deviate considerably from the average figure when calculated with relation to body weight, nevertheless tended to maintain a fairly constant ratio over a period of as long as two months, which was the maximum interval covered by the duplicate determinations. According to these authors, the ratio of blood volume to body weight is more constant than the ratio plasma volume to body weight. We have calculated the standard deviation and the coefficient of variation2 of this series and obtain for the latter the figure 9.5. 2 The fornulas for the calculation of these functions are as follows: Bakwin and Rivkin (16), also using the dye method, determined the blood volume of 36 normal infants ranging in age from 12 days to 10 months, and obtained an average ratio of 101 cc. per kilogram of body weight. In this series the standard deviation was 14.6 and the coefficient of variation 14. Plasma volumes averaged 61 cc. per kilogram for the same group, and here the coefficient of variation was 12, indicating a slightly closer correlation than blood volume had shown.
Marriott and Perkins (17) (18) demonstrated a closer agreement between plasma volume and weight than between blood volume and weight. They showed that for any particular age group a practically identical degree of correlation exists between plasma volume per kilogram and plasma volume per square meter of body surface, and further that the part which age plays is expressed in the fact that the expected plasma volume per kilogram rises from an initial level of 50 cc. per kilogram shortly after birth (calculated from the observations of authors previously quoted) to a level of abput 62 cc. during the first year of life, subsequently falling slowly to a normal level of 50 cc. during the fourth year, where it remains through the rest of childhood, or up to 11 years of age which was the upper limit of their study. They found that the ratio plasma volume to body weight varied more widely during the first year of life than later. The curve of variation with age of the ratio plasma volume per square meter of body surface was more complicated, showing a rounded peak at one year followed by a gradual rise throughout childhood; and in general the ratio blood volume per square meter followed a parallel curve. 3:403 3,78813,474 75.0 47.013,736 4,312 4,062 72 .0 43.0 3,589 4,250 3,990 75 .0 49.5 3,900 4,611 4,415 4,080 3,797 67 .5 45.0 3, 190 3,811 3,498 77.0 3,966 4,592 4,391 73.0 3,960 4,867 4,724 73 In comparison of our results with those obtained by others with the dye method, the fundamental differences between the two methods must be borne in mind: first, that the dye method measures the plasma volume directly, while the carbon monoxide method measures the circulating blood volume directly, and secondly, that in the former method the added substance is mixed entirely or mainly in the plasma, whereas in the latter the gas is taken up almost exclusively by the red cells. According to Whipple and his associates (14) , these differences are largely responsible for the higher figures which so many observers have obtained in working with the dye method, and in their hands the carbon monoxide method has given in dogs a higher figure than is yielded by the exsanguination method, though it closely approximates the results of the bleeding method where the latter is combined with procedures adapted for including in the total blood volume a figure calculated from the hemoglobin derived from extraction of tissues-in other words, when the non-circulating hemoglobin is included in the total blood volume figure. We do not agree with the statement made by Darrow, Soule, and Buckman (18) Bois, Meeh, and Howland (19) . The coefficients of correlation (20) treatises on the theory of statistics; in general, however, there is a parallelism in the degree with which the former approaches ±1 and the latter approaches 0 when correlation of the two variables is treated by the two methods.
The coefficients of correlation listed in table 8 show that the linear correlation is best between blood volume and body weight, blood volume and surface area, and blood volume and body length. On the other hand plasma volume shows poor agreement with any of these measurements. If the blood volumes are plotted as ordinates against the body weight as abscissae, points representing individual determinations will lie on both sides of a straight line the equation for which is obtained from the coefficient and is expressed by the for-
